Measurement of brachial-ankle pulse wave velocity (baPWV) is recognized as a simple and practical method for assessing arterial stiffness. We determined whether the baPWV of adolescents is affected by obesity and its associated metabolic risk variables. A cross-sectional sample of 754 apparently healthy adolescents (383 men and 371 women), aged 15-17 years, was recruited for this study. baPWV was measured by a simple automatic oscillometric technique. Adiposity measures, blood pressure, serum lipoproteins, fasting glucose and insulin were evaluated. The baPWV of the adolescents was significantly higher in men than in women and increased with age in both genders. After being statistically adjusted for age and gender, baPWV was significantly correlated with body mass index, percent body fat, waistto-height ratio, systolic and diastolic blood pressures, mean arterial pressure, triglycerides, high-density lipoprotein cholesterol (HDL-C), atherogenic index, glucose, insulin, and homoeostasis model assessment of insulin resistance (HOMA-IR). In the multivariate regression analysis, mean arterial pressure, atherogenic index, HOMA-IR, systolic blood pressure and age were found to be significant determinants of baPWV (Po0.001). An increasing number of clustered risk variables, including high values (4gender-specific top quartiles) of waist-toheight ratio, mean arterial pressure, atherogenic index and HOMA-IR showed a graded association with baPWV (Po0.001 for trend). These results suggest that obesity and its associated metabolic abnormalities are important factors in the increased baPWV of adolescents and that baPWV may be useful in investigating early arterial wall changes in this population.
Introduction
Increasing arterial stiffness, one of the pathological symptoms of vascular damage, is believed to play a part in the development of atherosclerotic cardiovascular diseases.
1,2 Obesity in adults is often associated with such complications as hypertension, glucose intolerance and dyslipidaemia. 3 Clustering of these metabolic disturbances contributes to the acceleration of vascular stiffening and atherosclerosis. 4 In recent decades, the prevalence of childhood obesity has been increasing in developed countries. 5, 6 Some studies have shown that severe obesity in teenagers is associated with an adverse metabolic profile 7, 8 and produces endothelial dysfunction and reduced arterial distensibility. 9, 10 Furthermore, the early structural changes are a sign of an increased risk of developing atherosclerosis in adulthood. 11, 12 These observations emphasize not only the importance of strategies to control obesity and its metabolic consequences but also the need to evaluate arterial wall properties early in life.
Arterial stiffness can be assessed by pulse wave velocity (PWV), 13 which is associated with systemic atherosclerosis at various sites in the vascular tree. 14 In recent years, brachial-ankle PWV (baPWV) has been utilized as a simple, convenient and automatic method of measuring PWV, and it is considered useful for screening arterial stiffness in primary care settings and in large populations. 15, 16 Therefore, baPWV measurement may be suitable for the assessment of arterial wall properties in adolescents, although few studies have been conducted in this generation. [17] [18] [19] The purpose of this study was to determine whether baPWV is affected by obesity and its associated metabolic abnormalities and whether baPWV is applicable to the investigation of the early progression of arterial stiffness in healthy adolescents.
Materials and methods

Study subjects
We conducted health-screening examinations of adolescents in high schools in Japan between 2002 and 2007 . From the participants, a cross-sectional sample of apparently healthy adolescents (383 male and 371 female subjects aged 15-17 years) was included in the analyses of this study. The subjects had no history of hypertension, syndromal obesity, diabetes mellitus, dyslipidaemia or renal disease. Individuals who had electrocardiographic evidence of coronary disease or cardiac arrhythmia were also excluded.
Written informed consent as well as clearance for the examination data to be used were obtained from the subjects and their guardians after they had received an explanation of the study aim and procedures. The protocol was approved by the Ethics Committee of Wakayama Medical University.
Obesity and metabolic risk variables
Anthropometric measurements were made with each subject in light clothing without shoes. Weight was measured with a precalibrated digital scale and height was measured with a portable stadiometer. Body fat mass was estimated from total the body resistance, measured with a bioelectrical impedance analyzer (TBF-310, TANITA Co., Tokyo, Japan). Waist circumference was measured at the end of normal expiration at the midpoint between the iliac crest and the lower edge of the ribs in the midaxillary line using a standard non-stretchable flexible measuring tape. Waist-to-height ratio (WHR) was calculated as an index of visceral fat accumulation.
When the subject was in a supine position, brachial arterial blood pressure (BP) was measured three times in the right arm with a digital BP monitor (HEM907, OMRON Co., Tokyo, Japan). The average of the last two readings was used to derive the representative value for systolic BP (SBP) and diastolic BP (DBP). The mean arterial pressure (MAP) was calculated as
After the subjects had fasted for more than 8 h overnight, blood samples were obtained from the antecubital vein for the measurement of serum concentrations of total cholesterol (TC), high-density lipoprotein cholesterol (HDL-C), triglycerides, fasting plasma glucose and fasting serum insulin. The atherogenic index was calculated as a measure of dyslipidaemia using the following formula: (TC (mmol l À1 ) ÀHDL-C (mmol l À1 ))/HDL-C (mmol l À1 ). Insulin resistance was estimated by the homoeostasis model assessment of insulin resistance (HOMA-IR) from glucose and insulin values. The calculations were performed as follows: fasting insulin (mU ml À1 ) Â fasting glucose (mmol l À1 )/22.5.
Pulse wave velocity
Brachial-ankle PWV was measured using a volumeplethysmographic apparatus (form ABI/PWV Colin Co., Komaki, Japan) with an appropriate cuff size. Before the test, each subject lay in a supine position for more than 10 min in a temperature-controlled, quiet room. Measurements obtained with this apparatus have been shown to have good reproducibility and to be highly correlated with aortic PWV measured using a catheter-tipped manometer. 15 Briefly, with this apparatus, waveform data were obtained from a volume plethysmographic sensor placed in cuffs on both brachia and both ankles, and time intervals (T) between the wave fronts of the brachia and those of the ankles were calculated. The distance (L) between the heart and sampling points was calculated automatically according to the subject 0 s height. The baPWV was calculated using the following formula: baPWV ¼ L/T (L ¼ LaÀLb, where 'La' is the path length from the heart to the ankle and 'Lb' is the path length from the heart to the brachium). The mean of the right and left baPWV was used for the analysis because there was a highly significant positive correlation between the left and right baPWVs (r ¼ 0.94, Po0.001).
Statistical analyses
Results are expressed as mean±s.d. unless otherwise stated. The gender-based differences in the population were compared using the t-test. The correlations of baPWV with obesity and metabolic risk variables were assessed with univariate analysis and multivariate linear regression analysis adjusted for age and gender. Furthermore, multivariate regression analyses were performed to investigate significant determinants of baPWV. The following recognized relevant factors were entered in the models as explanatory variables: body mass index, body fat mass, WHR, SBP, DBP, MAP, triglycerides, TC, HDL-C, atherogenic index, glucose, insulin and HOMA-IR. In the analyses, age and gender were forced into the models as covariates because the baPWV of adolescents may be influenced by these factors. Univariate one-way analysis of covariance was used to test the differences in baPWV among subgroups who were divided according to the presence or absence of metabolic risk variables, with age included as a covariate. The null hypothesis was rejected at Po0.05 as the level of significance. All calculations were performed using the SPSS statistical package 12.0 for Windows (SPSS Software Inc., Chicago, IL, USA).
Results
The anthropometric, haemodynamic and blood biochemical characteristics by gender are shown in Table 1 . There were no significant differences in mean age, triglycerides or atherogenic index between male and female subjects. Height, body mass index, waist circumference, SBP, DBP, MAP, baPWV and glucose were significantly higher in male subjects. In contrast, percent body fat, heart rate, TC, HDL-C, insulin and HOMA-IR were significantly higher in female subjects than in male subjects.
In male subjects, the mean values of baPWV at 15, 16 and 17 years were 979±121, 1002±105 and 1052±102 cm s À1 , respectively. In female subjects, the mean values were 934 ± 97, 951 ± 96 and 980 ± 94 cm s À1 , respectively. A significant difference in baPWV was observed between genders in all age groups (Po0.01).
The correlations of baPWV with adiposity measures and metabolic risk variables by univariate regression analyses are shown in Table 2 . In both male and female subjects, all variables except TC or glucose were significantly associated with baPWV. However, the magnitude of the correlation with baPWV differed between genders. After age and gender were adjusted for, baPWV was significantly correlated with body mass index, percent body fat, WHR, SBP, DBP, MAP, triglycerides, HDL-C, atherogenic index, glucose, insulin and HOMA-IR.
The results of stepwise multiple linear regression analysis investigating significant determinants of baPWV in each component of metabolic syndrome criteria are shown in Table 3 . In the regression model, using adiposity indices of this study as explanatory variables, body fat mass and WHR, but not body mass index were significant determinants of baPWV. Among the parameters of BP, both MAP and SBP were selected in the model. However, the standardized regression coefficient for MAP was much greater than that for SBP. The atherogenic index and triglycerides were the lipoprotein parameters that determined baPWV. A stronger association was found in the atherogenic index, one of the measures of dyslipidaemia. Similarly, HOMA-IR, an estimation of insulin resistance, was selected, instead of glucose and insulin, as the best predictor of baPWV in the model. The selected parameters in each component of metabolic syndrome together with age and gender were used to examine the independent associations with baPWV (Table 4 ). In the multivariate regression model, the MAP, atherogenic index, HOMA-IR, SBP and age were found to be factors that were independently associated with baPWV. Other variables, such as body fat mass, WHR, triglycerides and gender were not selected as significant determinants.
On the basis of the results of the multivariate analysis, we used WHR, MAP, atherogenic index a total of 54 subjects (7.2%) satisfied the criteria for metabolic syndrome. The mean value of baPWV was significantly higher in the subjects with metabolic syndrome than in those without metabolic syndrome (1129±122 vs 976±103 cm s À1 , one-way analysis of covariance Po0.001).
Discussion
The present cross-sectional study of healthy adolescents showed that baPWV was closely correlated with age and differed between genders, but BP, lipid profiles, insulin resistance and all adiposity measures were significantly related to baPWV after being statistically adjusted for the impact of age and gender. Clustering such metabolic risk variables contributed to the acceleration of an increase in baPWV. Therefore, obesity and its associated metabolic abnormalities are considered as important determinants of the baPWV of adolescents. The data lend support to the idea that the baPWV measurement is applicable to the assessment of the early progression of arterial stiffness and can provide useful information on the atherosclerotic cardiovascular risk of individuals during adolescence.
In population studies, there are several noninvasive ways to assess atherosclerotic vascular damage. 15, 16, 20, 21 PWV is one of the functional markers of vascular wall changes and mainly related to arterial elastic properties. 22 PWV is generally measured between the carotid and femoral arteries (carotid-femoral PWV). There are some reports showing that the carotid-femoral PWV is a maker of the severity of vascular damage and the prognosis of cardiovascular diseases. 2, 23 BaPWV has been utilized as a simple, convenient and automatic method of PWV measurement. Because the baPWV is determined by brachial-ankle arterial pressure wave measurements using a fully automated device, it does not agree with the carotid-femoral PWV. However, the baPWV has been shown to have high correlation with invasively derived carotid-femoral PWV. 15 Likewise, although the carotid-femoral PWV is an established method of measuring PWV, this parameter cannot be obtained simply enough for screening of a general population. The measurement of baPWV has an advantage in primary care settings and in large population studies because its administration does not require special skills and is easy, quick and relatively free from operator bias compared with the other vascular assessments. 24, 25 The baPWV of adolescents in this study increased gradually with increasing age in both male and female subjects. Moreover, in multivariate regression analyses, age was a significant determinant of baPWV. In adults, the increase in PWV with age is mainly due to a decrease in elasticity caused by the degeneration of the arterial wall. 22 It is speculated, however, that the baPWV in adolescence is more strongly associated with the increase in cardiac output than with the decrease in elastin and increase in collagen. Adolescents are growing physically; therefore, increased cardiac output due to the development of cardiovascular system increases the arterial BP and also affects the baPWV. It is well known that BP directly affects pulse waves, and variations of BP are associated with PWV. In addition, some studies have reported that baPWV is strongly influenced by gender in adults and that the difference is due to the beneficial effect of female hormones on arterial stiffness. 26, 27 In this study, the baPWV of adolescents was higher in male than in female subjects, and the difference was more evident with increasing age. This finding suggests that the influence of sex hormones contributes to arterial stiffness in postpubertal female adolescents. However, the relatively low cardiac output and arterial BP in female subjects appeared to account for an appreciable part of the gender difference in the PWV of adolescents.
In concordance with the results of earlier studies, 17, 18 the baPWV of adolescents in this study was influenced by age and gender. However, a multivariate regression analysis revealed that MAP, atherogenic index, HOMA-IR and SBP were independently associated with baPWV after statistically adjusted for the impact of age and gender. The findings are important for understanding the determinants of baPWV in adolescence. It is suggested that in addition to the development of cardiovascular system that is accompanied by arterial pressure increase, obesity and its associated metabolic consequences contribute to the acceleration of baPWV of adolescents. Although mechanisms by which obesity is linked to arterial disease remain unclear, excess body fat, accumulation of abdominal visceral fat and large waist circumference have been identified as risk factors for accelerated arterial stiffening. 28, 29 Obesity in adults is often associated with complications, such as hypertension, glucose intolerance and dyslipidaemia. 3 We found that obesity was related to similar changes in the metabolic profiles in adolescence and that all adiposity measures were significantly correlated with baPWV. Accordingly, the vascular effects of obesity may occur even in adolescents, who are at a very early stage of vascular aging. However, in a stepwise multivariate regression model, none of the adiposity measures was selected as an independent determinant of baPWV. The result suggests that relation of obesity to baPWV is largely mediated by the presence of raised BP, dyslipidaemia, insulin resistance and impaired glucose tolerance.
We also revealed a cumulative relationship between an increasing number of components of the metabolic syndrome and baPWV. The graded nature of the relationships occurred at levels that were low as compared with the levels associated with high atherosclerotic disease risk in adult population. In accordance with the findings, some researchers have shown inverse associations between arterial distensibility measured with an ultrasound scanning technique and several risk factors, such as cholesterol levels 11 and atherosclerotic risk factors, in children and adolescents. 30, 31 The observations in the present and earlier studies indicate that arterial wall structure and function can be influenced by atherosclerotic risk factors as early as the second decade of life, and the vascular changes in adolescents may not be confined to individuals suffering from severe obesity, hypertension, hyperlipidaemia or diabetes mellitus. This fact emphasizes not only the importance of strategies to control obesity and its metabolic consequences but also the need to evaluate arterial wall properties early in life.
The results of this study have indicated that baPWV has potential as a useful indicator of atherosclerotic cardiovascular risk over other conventional indicators in adolescents. However, as mentioned above, the baPWV of adolescents is influenced by age and gender, and the impact of obesity and metabolic risk variables on baPWV might be masked by the effect of these factors. For instance, an earlier study using children of wide age range could not show the correlation of baPWV with obesity index. 17 We selected the adolescents, aged 15-17 years, as study population to clarify the relationship of obesity and metabolic risk variables with baPWV by eliminating the impact of age-and development-related changes as much as possible. The baPWV is obtained simply and non-invasively; therefore, it can be applied for the screening of early arterial wall changes in adolescent population. However, some adjustments for age as well as gender are required in the interpretation of baPWV values compared with the normal standard. It is desirable that a future study with the use of a large sample size will be carried out to establish baPWV reference values for adolescents based on age and gender.
Several potential limitations of this study should be considered. First, the subjects we analysed were school-based, healthy adolescents. Persons with severe obesity, hypertension, hyperlipidaemia and hyperglycaemia were not included. Thus, it may be inappropriate to generalize all of the results obtained in this study. Our data show the associations between baPWV and the variables that may contribute to the acceleration of vascular stiffening. Therefore, baPWV is considered useful for identifying early arterial wall changes in adolescents. However, we did not compare the validity of baPWV with the other available vascular assessment techniques. In addition, because arterial stiffness is an important cause of atherosclerotic cardiovascular disease in adulthood, baPWV has the potential to provide useful information on the risk of developing such diseases. However, the prognostic significance of baPWV in adolescents must be defined in controlled long-term prospective studies.
In conclusion, increased baPWV in healthy adolescents has a significant association with the clustering of metabolic risk variables, including high values of waist circumference, BP, lipid profiles and insulin resistance. The findings suggest the importance of obesity and its associated metabolic abnormalities in the evolution of arterial stiffness in adolescents and emphasize the need for preventive strategies early in life. The baPWV may be a useful method to estimate atherosclerotic cardiovascular risk and, thereby, identify individuals who should be subject to further observation and consideration of other risk factors.
